We report the double photoionization spectra of thiophene, 3-bromothiophene, and 3,4-dibromothiophene using a coincidence spectroscopy technique based on electron time-of-flight measurements. Spectra have been recorded between the onset and 40.814 eV using He II␣ radiation. The He I photoelectron spectrum of 3,4-dibromothiophene has also been measured. All the spectra have been analyzed and interpreted in detail on the basis of theoretical simulations from accurate Green's function calculations.
I. INTRODUCTION
Thiophene and the halogen-substituted thiophenes have been extensively studied using electron spectroscopy. Most recently, a series of investigations has been carried out on thiophene, 1 the monochlorothiophenes, 2 the monobromothiophenes, 3 and the monoiodothiophenes 4 using synchrotron radiation for ionization. These publications also provide references to previous investigations of these molecules.
In all these investigations, the valence electronic structure has been well characterized, and assignments of the photoelectron spectra have been made for the complete valence region. The assignments have been supported by extensive calculations that take the electron correlation into account. It is often thought that electron correlation plays only a minor role in the outer valence region, but in these investigations it has been shown that this cannot be generally assumed. Especially, the innermost orbital is strongly influenced by many-electron interactions, which lead to additional features in the spectra.
The double ionization photoelectron spectra of thiophene and bromine-substituted thiophenes have not been investigated so far. In the present work we use the time-of-flight photoelectron-photoelectron coincidence ͑TOF-PEPECO͒ technique. 5 It is an advantage to study a series of closely related molecules in order to interpret the spectra. In the present case, the characteristic features of the thiophene double ionization spectrum should also be observed in the corresponding spectra of thiophene molecules containing halogen atoms, although the spectra will be modified. Band shifts can be expected in addition to the presence of additional bands that can be directly associated with the halogen atoms. In order to study these effects quantitatively, we have chosen 3-bromothiophene and 3,4-dibromothiophene as test molecules. We have also carried out single ionization measurements on 3,4-dibromothiophene using conventional photoelectron spectroscopy, which gives information about the cationic states.
Because of the large number of electronic states of the dications, the spectra show generally overlapping bands, which are difficult to disentangle, and the theoretical guidance provided by accurate calculations is essential. In the present work, we have used well-established Green's function methods, which take the important effects of electron correlation into account.
II. EXPERIMENTAL DETAILS
The instrument used for the double ionization measurements incorporated a TOF electron coincidence analyzer ͑see Ref. 6 and references therein͒, and the valence photoelectron spectrum of 3,4-dibromothiophene was recorded using a conventional photoelectron spectrometer employing an electrostatic energy analyzer. 7 Spectra were recorded with an overall resolution of about 30 meV or better in all cases.
Helium discharge sources were used to produce resonance lines for the ionization of the sample molecules. TOF-PEPECO spectra were recorded using He II␣ radiation at 40.8 eV selected by a monochromator. A pulsed photon beam was used to give the time structure of the experiment and to serve as an absolute time reference. The conventional photoelectron spectrum was recorded using radiation with the He I␣ line at 21.22 eV as its dominant component.
The double ionization spectra were calibrated with respect to the well-known double ionization energies ͑DIEs͒ of Xe ͑Refs. 8 and 9͒ by recording spectra of a mixture of the sample and the rare gas. The conventional photoelectron spectrum of 3,4-dibromothiophene was calibrated in a similar manner using the Ar 3p lines at 15.760 and 15.937 eV ͑Ref. 8͒ as the internal reference.
III. THEORETICAL DETAILS
Theoretical calculations of the single ionization spectrum of 3,4-dibromothiophene were carried out using the third order algebraic diagrammatic construction ͓ADC͑3͔͒ method. [10] [11] [12] Calculations of the double ionization spectra were carried out using the second order algebraic diagrammatic construction ͓ADC͑2͔͒ method. 13, 14 The correlationconsistent basis set 15 used to carry out the preliminary Hartree-Fock calculations was the cc-pVTZ for thiophene and 3-bromothiophene. For dibromothiophene we used the smaller cc-pVDZ basis in the double ionization calculations and the aug-cc-pVDZ for single ionization. For thiophene, the experimental geometry of the molecule was used, 16 while for its bromine derivatives we took the thiophene geometry but optimized the C-Br distance and angle at the MP2 level. For all the pre-ADC calculations, we used the GAMESS-UK program package. 17 The theoretical simulations of the experimental spectra discussed in the following sections were obtained by Gaussian convolution of the discrete ionization transitions using as intensity estimates their total 1h ͑single ionization͒ and 2h ͑double ionization͒ spectroscopic factors. The double ionization spectra were thoroughly analyzed using the two-hole population analysis described in Ref. 18 . We recall briefly, to clarify the discussion in Sec. IV, that the two-hole population analysis offers a decomposition of the total 2h character of a dicationic state ͑i.e., the component describing ionization out of pairs of Hartree-Fock molecular orbitals͒ in terms of orbital and/or atomic components. An atomic component labeled X −1 Y −1 ͑or X / Y͒ essentially quantifies the extent to which a given doubly ionized state may be characterized as having one electron vacancy localized on atom X and one on atom Y. A component labeled X −2 ͑or simply X͒ measures similarly how much a state may be described as having both holes on the same atom X. Orbital components are defined in a completely analogous way, with X and Y identifying orbitals or orbital groups.
IV. RESULTS AND DISCUSSION
A. The He I excited photoelectron spectrum of 3,4-dibromothiophene The experimental and theoretical photoelectron spectra of 3,4-dibromothiophene are presented in Fig. 1 . The experimental spectrum shows ten prominent features ͑numbered in the figure͒. The weak narrow peak at 15.58 eV is not due to the sample molecules but to a small amount of N 2 in the spectrometer. This line corresponds to the cationic ground state X 2 ⌺ g + and can be used to confirm the correct energy scale of the spectrum. Part of the intensity observed in the 16.5-17 eV range also corresponds to the A 2 ⌸ u state of N 2 + . The theoretical profile has been obtained by convoluting the computed discrete lines with Gaussians of full width at half maximum ͑FWHM͒ varying between 0.07 and 0.3 eV in order to obtain a rough fit to the experiment. The relative line intensities have simply been approximated as the computed Green's function pole strengths. At low energy, the different line broadenings reflect mainly the effect of nuclear dynamics, i.e., the vibrational structure of the bands, with ionization involving mainly nonbonding orbitals typically producing narrower bands. At higher energy where correlation effects cause a much larger number of states to appear, typically larger broadenings are used, also making up for a density of states that is larger than what the present level of theory can describe. The computed data ͓ionization energies ͑IEs͒, estimated intensities P, and orbital composition͔ for the principal transitions are reported in Table I , together with the widths used, the experimental peak positions, and the ͑nega-tive͒ Hartree-Fock orbital energies corresponding ͑where meaningful͒ to the principal ionized orbitals. The latter provide the uncorrelated, independent particle picture of ionization according to the Koopmans theorem ͑KT͒. Note that with few exceptions to be noted below, the linewidths are quite similar ͑0.2-0.3 eV͒. The comparison of theory with experiment in the figure demonstrates that the calculations explain all parts of the spectrum very adequately. The single orbital picture of ionization holds fairly well only for the first five peaks at low energy. Above 13 eV electron correlation effects going beyond simple energy shifts begin to make themselves felt in the spectrum. This is evident in Table I , where additional lines of small intensity appear and the deviation between experimental and computed energies increases. Note also that while only seven transitions are computed below 13 eV and all of them are reported in the table, nearly ten times as many appear in the rest of the computed spectrum. Furthermore, the tabulated data show that even at very low energy, quantitative reproduction of the spectrum cannot be achieved on the basis of KT energies, which deviate from experiment by 0.5-1 eV.
In the following we shall refer to the valence orbital configuration of 3,4-dibromothiophene, which reads 1a According to the Mulliken population analysis, the latter orbital is mainly a ring ͑mostly carbon͒ orbital, while the former involves both S and Br. The two transitions are computed to lie somewhat closer in energy than the shape of the experimental band would suggest, but the agreement is otherwise very good. Note that the energy order of the states is reversed compared to the simple KT picture, with b 1 ionization undergoing a larger stabilization. The band shows some spurious features at both ends and a shoulder at high binding energy, which is due to the He I␤ component in the radiation at 23.087 eV, which was rather strong in this case. Bands 2 and 3 are due mainly to ionization of the in-plane 6b 2 and 8a 1 orbitals, which are largely Br 4p. The latter appears to be distinctly narrower than most other peaks. The next feature is instead due to ionization of the out-of-plane 2b 1 and 1a 2 orbitals. Here, the first component, which has both S and Br characters, is quite sharp, while the second, mostly localized on bromine, appears essentially as a shoulder. Again there is an inversion and a visible split with respect to the KT order, with the b 1 component being lowered in energy by correlation more than the a 2 .
From this point onward, more strongly bonding orbitals are involved, bands appear generally somewhat broader, and the extent to which electron correlation is accounted for in the calculations is insufficient to attain true quantitative agreement with the experiment. A shift, gradually increasing from 0.2 to 0.5 eV, is observed between corresponding features in the experimental and theoretical spectra. The next band, 5, is still mainly due to a single orbital ionization ͑7a 1 ͒, but the small feature number 6 is a weak satellite transition, whose principal components involve both the 1b 1 and 2b 1 orbitals. It seems clear that electron correlation affects the out-of-plane symmetry B 1 earlier than the in-plane ones. The ionization of the 1b 1 orbital is indeed broken down into many satellite lines, and these are the largest contributors to the high-energy shoulders of bands 7 and 8. 1b 1 is a thiophene ring orbital, and the mechanisms of this breakdown, already observed in other thiophenes, have been discussed, particularly in Refs. 2 and 3. The 1b 1 breakdown also contributes to the stabilization of the low-energy B 1 lines noted above. Below the envelope of band 8, the calculations actually locate at least ten states, of which only the four most important are shown in Table I . Ionization of orbital 5a 1 appears to be largely responsible for the region of band 9, while a complete breakdown of the 3b 2 line over very many states lies below the broad feature 10. Ionization of the inner orbitals 1a 1 to 4a 1 appears to lie entirely above the recorded energy region of the spectrum. The ionized states involving these orbitals are thousands, and to give a better idea of this complete breakdown of the orbital lines, we have collected TABLE I. Main features of the photoelectron spectrum of 3,4-dibromothiophene and corresponding theoretical results. Reported are the experimental and ADC͑3͒ ionization energies in eV ͑IE͒, the ADC͑3͒ estimated relative intensities of the lines ͑P = Green's function pole strength͒, the orbital composition of the transitions ͑eigenvector coefficients larger than 0.02 in magnitude͒, the width assigned to them in Fig. 1 
B. The TOF-PEPECO spectra of the dications excited with He II␣ radiation
The experimental and theoretical double ionization spectra of thiophene are shown in Fig. 2͑a͒ . As can be seen, the computed spectrum, consisting of a Gaussian convolution of over 400 transitions ͑shown as bars͒, reproduces the experiment quite well in its main details, although with some inaccuracies in the intensity, especially at low energy. The theoretical spectrum has been shifted for presentation to higher DIE by 0.7 eV, and the Gaussian width of the convolution has been made to vary uniformly from 0.7 to 1.7 eV with increasing energy, as this appears to fit the experimental profile better than a single width. The increase in width represents an attempt to make up for a real density of states, which is even larger than that computed, and for the consequently larger inherent line broadening due to nuclear dynamics. Once the mentioned shift is taken into account, the dicationic ground state, a 3 B 2 dominated by the 1a 2 −1 2b 1 −1 configuration, is computed to lie 24.3 eV vertically above the neutral ground state, while the lowest-lying singlet, 1 B 2 , is at 24.7 eV. These figures compare well also with the observed onset of the Auger spectra of thiophene. 19 The 1 A 1 state with a large 2b 1 −2 character is computed to lie at 26.1 eV, also in agreement with the Auger data. 19 Further comparison of our computed states with the simple molecular orbital assignments of the Auger bands of Ref. 19 is, of course, made difficult by the onset of strong many-body effects. This is evidenced in Table III where we report the Auger assignments of Ref. 19 and the DIEs-calculated by us-of the singlet states more closely resembling the assigned 2h configurations, with their actual composition. Singlet states have been chosen because they are known to have larger Auger intensities. Clearly, except at very low energy, the old Auger assignment encounters the inevitable limitations of the single particle picture. At higher energy, the comparison becomes impossible considering, for example, that the largest 6a 1 −1 2a 1 −1 component of any state is computed to be less than 0.06.
Our double ionization spectrum is composed of four broad features. The first at low energy is centered at about 25 eV, the second is approximately delimited between 26.6 and 30.6 eV, the third is approximately delimited between 30.6 and 35 eV, and the last lies above 35 eV. As the light source used is at 40.8 eV, we do not have experimental information above this limit, and a marked intensity fall-off appears to take place as the threshold is approached. The calculations enable us to assert that the complete valence double ionization spectrum of thiophene should extend with appreciable intensity up to at least 65 eV, although with an essentially featureless profile owing to the large density of states. In order to understand in a simple way how the four main spectral features emerge out of the apparently almost uniform distribution of states ͑shown by bars͒, it is useful to divide the valence orbital configuration of neutral thiophene into four groups of orbitals according to the following scheme:
͑1͒
which basically reflects the main gaps in the orbital energies. According to the Mulliken population analysis, of the six sulfur electrons ͑S stays essentially neutral in the molecule͒ about 1.4 are in G 1 , 0.8 is in G 2 , 2.7 are in G 3 , and 1.1 are in G 4 . G 4 comprises the outermost out-of-plane orbitals, of which 2b 1 involves the sulfur p shell, while 1a 2 is essentially on the carbon ring. With this classification, we can now divide the 2h density distribution that makes up the spectrum into contributions according to the orbital groups to which the holes belong. The resulting deconvolution of the theoretical spectral profile is shown in Fig. 2͑b͒ and, as is quite evident, matches and explains all the main features with remarkable accuracy. For the sake of conciseness, we label the 2h component corresponding to double ionization of one orbital group with that orbital group label and components corresponding to ionization of two groups, G n and G m , say, as G n G m .
The first band corresponds to double ionization out of G 4 , with a feature on the high-energy side, which is the 1 A 1 state corresponding mainly to double ionization of 2b 1 . The second band corresponds quite accurately to states with one hole in G 4 and one in G 3 ͑label "G 4 G 3 " in the figure͒. Here the calculations produce a prominent low-energy shoulder of which a clear trace appears in the experimental data. A significant contribution to this shoulder ͑although by no means the totality͒ comes from states where the 6a 1 orbital ͑with a large sulfur component͒ is ionized. The third band is the most prominent of all because there are two overlapping contributions: states where both holes are in G 3 and states with one hole in G 4 and the other in G 2 . A doubly composite nature of the band appears discernible, with the first group dominating at low energy and the second increasing in importance at high energy. Finally the broad feature above 35 eV is dominated by states with one hole in G 3 and the other in G 2 , with a smaller contribution coming from states with one hole in G 4 and the other in G 1 . This analysis indicates that the high-energy part of the valence double ionization spectrum, which extends beyond the measured region, comprises almost all of the states with at least one hole in the G 1 orbitals plus those with both holes in the G 2 group. Population analysis of the two-hole density shows that the doubly ionized states of thiophene exhibit almost uniformly a pronounced delocalization of the two electron vacancies. While this finding would be entirely expected in an aromatic carbon ring, 20 it is not at all obvious a priori in a penta-atomic ring containing sulfur. There are several nonequivalent components of the 2h strength, but given the delocalization, it is more informative to lump them into just two main groups rather than analyze them all. One group represents the part of 2h density where both holes reside on the carbon ͑and hydrogen͒ portion of the ring, and the complementary one represents the part where ͑at least͒ one hole is on sulfur. This decomposition is shown in Fig. 2͑c͒ . We see here that, except at high energy where pure carbon ring character prevails, the two contributions partake almost equally in the outer valence part of the spectrum. As suggested earlier, sulfur-involving contributions dominate the small peak at 26 eV and the low-energy shoulder of the second large band. Charge location on S is also prominent on the low-energy side of the third broad feature of the spectrum. We may add that the S −2 component is very small everywhere, so that the sulfur component shown in the figures essentially represents configurations with one hole on sulfur and one on the carbon ring.
The above analysis of the thiophene spectrum forms a convenient backdrop for the analysis of the brominesubstituted compounds, and we now turn to the effects of the presence of bromine on the spectra.
Experimental and theoretical spectra of 3-bromothiophene are shown in Fig. 3͑a͒ . The same energy shift and Gaussian width pattern for the theoretical spectrum have been adopted as in thiophene. As in thiophene, the computed ground state of the dication is the triplet resulting from the removal of one electron from each of the topmost out-ofplane orbitals. Also in this case the ADC calculations appear capable of providing an adequate explanation of all the main features in spite of evident shortcomings in the relative prominence of some bands. The theoretical profile shown results from the convolution of nearly 1500 computed transitions. In addition, the calculations again show that the reported spectrum excludes the ionization of the innermost valence orbitals and, of course, of the entire 3d shell of Br.
There is an overall striking similarity to the thiophene spectrum, with the most evident changes occurring in the lowenergy half. The first band gets much broadened and more complex compared to thiophene, as does the second, placed roughly between 27 and 32 eV. Here, at least three components are discernible, where essentially only one was evident in thiophene.
Grouping the orbitals of bromothiophene in order to achieve a better understanding of the spectrum is not so straightforward as in thiophene. Orbitals become more dense, and, in particular, due to the presence of the Br 4p shell in the region of G 3 there are now seven orbitals instead of five, and they appear to form two groups of four and three orbitals in order of decreasing binding energy. We shall call these two groups G 3a and G 3b , respectively. There is also one more orbital in the G 1 region, but ionization of this group again mostly takes place at energies higher than 41 eV. On this basis, the deconvolution of the theoretical spectrum into orbital group components appears as shown in Fig. 3͑b͒ . Clearly, in stark contrast with thiophene, electron correlation effects cause most components to overlap quite strongly, and it is difficult to make a clean and complete assignment. Nevertheless, some of the computed curves appear to match and explain experimental features quite precisely. The broad first band appears to have a low-energy component of the G 4 character almost identical in shape to the same component in thiophene. But while the latter was a well separated feature of the spectrum, in the bromo compound it is immediately followed by an overlapping, broad, and largely dominant G 4 G 3b component, which has a doubly peaked structure and is clearly responsible for most of the band profile. The plotted decomposition also appears to account quite well for the three main contributions visible in the broad region of the spectrum between 27 and 32 eV. The first and sharpest is of G 4 G 3a origin, with a smaller low-energy component of G 3b character. Then comes the very broad G 3a G 3b line, which is responsible for the second feature in this region and, together with the G 4 G 2 , for the third. Note that the G 3b component has a long weak tail, which also extends into this region of the spectrum. The most prominent band of the spectrum centered at about 33 eV appears to be made up of mainly three strongly overlapping contributions: the central, sharp, and dominating G 3a component, G 4 G 2 at low energy, and G 3b G 2 at high energy. The latter extends above 35 eV, where G 3a G 2 prevails and ionization out of G 1 ͑G 4 G 1 and G 3b G 1 ͒ begins to contribute.
The 2h atomic population analysis shows also for bromothiophene a pronounced delocalization of the electron vacancies. In order to analyze, in particular, the Br role in the double ionization spectrum, we have decomposed the atomic contributions, as shown in Fig. 3͑c͒ . Here the red line shows the "thiophene" contribution, i.e., the two-hole distribution on the C 4 H 3 S ring, excluding bromine. The green line corresponds to the contribution with one hole on the C 4 H 3 portion of the ring and one on Br ͑we shall briefly denote this as Br/C͒. The blue line is the Br −1 S −1 ͑Br/S͒ contribution, and finally the magenta line is the rather weaker density with both holes on Br. Clearly, at high energy the overall shape of the spectrum is dominated by the underlying thiophene structure. However, in the region below 30 eV other components play an increasingly important role, and below 27 eV all components actually add up in a quite complicated way, with the Br/C and Br/S components dominating in the middle and the ring being mostly involved at the threshold and above 25 eV. In the region between 27 and 32 eV, three features appear to emerge, the first one with significant contributions of ring type, of Br/C type, and of Br/S type. The second is mostly ring type and Br/C type, while the third appears to be dominated by ring ionization. Note that the small one-site Br −2 contribution exceeds here the Br/S one.
Finally we turn to the double ionization spectrum of 3,4- dibromothiophene, shown in Fig. 4͑a͒ together with the theoretical simulation. For the latter calculation, more than 2700 states are found to contribute; this fact clearly speaks already of a very complicated and dense spectrum except at very low energy. Again here the computed dicationic ground state is 3 B 2 , resulting from ionization of the highest out-of-plane orbitals. In this case, to achieve a good alignment of the theoretical profile with the experiment, it was necessary to shift it up by a larger ͑1.3 eV͒ amount compared to that in the smaller molecules, while the same varying widths from 0.7 to 1.7 eV were used. The need for a larger shift is clearly to be ascribed to the smaller basis set used. There are at least four or five relatively sharp features below 29 eV that need to be explained. They are followed by a broad central peak, which, as for the thiophene and the monobromo compound, dominates the spectrum between 30 and 35 eV; at higher energy there is an intense but indistinct signal. The overall theoretical profile also in this case appears to account for most features although some, such as the relatively weak but sharp peak at about 26.1 eV, are lost to intensity inaccuracies.
As before, we attempt, first of all, a decomposition of the spectrum into orbital group contributions. Here there are three more valence orbitals than in the monobromothiophene, and looking at their energies, they belong, one each, in groups G 1 , G 3a , and G 3b . The corresponding spectral decomposition, shown in Fig. 4͑b͒ , may be thus directly compared to the one for 3-bromothiophene in Fig. 3͑b͒ . It is immediately seen that the same orbital contributions are found to fall in roughly the same energy intervals in the two molecules, but because of the different relative populations of the orbital groups and small shifts in energy, their shape and relative intensity differ. The differences produce profound changes in the bandshapes, especially in the lowenergy region. G 4 double ionization is again important at the threshold, but here, even more than in 3-bromothiophene, the relatively much smaller population reduces its prominence very significantly compared to the unsubstituted species. In contrast, the G 4 G 3b component shows two sharp and intense peaks at low energy, which are clearly largely responsible for the first two spectral features at 24.3 and 25.2 eV, respectively. The sharp peak at 26.8 eV appears to emerge from G 3b and from a low-energy component of G 4 G 3a , which was absent in 3-bromothiophene. G 4 G 3a , together with a shoulder of G 3b G 3a , also produces the prominent peak at about 28.3 eV. In the central band of the spectrum, one clearly sees a first large component of mainly G 3b G 3a character between 30 and 32 eV and a second one due mainly to G 3a and G 3b G 2 between 32 and 35 eV. G 4 G 2 , which in the dibromo species is relatively less populated, gives only a minor contribution here. Above 35 eV, as before, G 3a G 2 mainly contributes, with a minor participation of G 4 G 1 and G 3b G 1 .
For the dibromo species, like the other molecules, the calculations establish that hole delocalization in the doubly ionized states generally prevails, although less pronouncedly than in the previous systems. The addition of a second Br atom naturally increases the number of nonequivalent atomic components of the spectrum; we have grouped them together, as shown in Fig. 4͑c͒ . What emerges from this figure is that in contrast to the singly substituted molecule, the presence of two bromine atoms is enough to give a well-defined character to most features in the low-energy half of the spectrum. In particular, ionization of one bromine atom ͑with the other hole residing on the carbons of the ring͒ appears to dominate the first two peaks, as well as the prominent peak at about 28.3 eV ͑where Br/S is also a significant contribution͒ and the first part of the central band of the spectrum. One interesting observation concerns the weak but clear peak at 26.1 eV, which the overall theoretical profile is not accurate enough to reproduce. Population analysis makes clear that this peak must be attributed entirely to a component with one hole on each of the Br atoms, which dominates in a narrow energy window around this point. Again, as in 3-bromothiophene, the double ionization component corre- sponding to both vacancies on the same Br atom, although small, exceeds the Br/S component ͑as well as the Br/Br one͒ in the central region of the spectrum.
V. SUMMARY AND CONCLUSIONS
The photoelectron spectrum of 3,4-dibromothiophene and the double photoionization spectra of thiophene, 3-bromothiophene, and 3,4-dibromothiophene have been recorded. They have been thoroughly studied and interpreted with the aid of accurate ab initio Green's function calculations. The single ionization spectrum is reproduced with great accuracy after accounting for some small energy shifts in the higher ionization energies. The calculations show significant electron correlation effects in the high-energy half of the spectrum, where some of the orbital lines appear to be spread out into many components.
Making sense of dense molecular double ionization spectra, where thousands of electronic states appear, is no easy task, and an assignment in terms of single orbital ionizations is in general utterly inappropriate. The calculations performed here have reproduced with good accuracy all the main features of the spectra, and a two-hole population analysis of the 2h spectroscopic factors has enabled us to characterize them in detail, both in terms of principal orbital group components and in terms of atomic components, which describe where the electron vacancies mainly reside. This analysis satisfactorily explains the significant differences among the spectra. The results show that hole delocalization characterizes almost the entire spectral range in these molecules, but the increasing presence of bromine atoms gradually leads to sharper features, which correspond to more localized components, especially at low energy.
ACKNOWLEDGMENTS
This work has been financially supported by the Swedish Research Council ͑VR͒, the Göran Gustafsson Foundation ͑UU/KTH͒, the Knut and Alice Wallenberg Foundation, and the Wenner-Gren Foundation, Sweden. J.H.D.E. thanks the Leverhulme Trust for financial support. We are also grateful to the technical support of the workshop staff at the AlbaNova Research Centre in Stockholm. L.S. and F.T. thank the Italian FIRB project "Molecular compounds and hybrid nanostructured materials with resonant and nonresonant optical properties for photonic devices."
